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MAXIMUM PERMISSIBLE ENGINE PERFORMANCE OF EIGHT
REPRESENTATIVE FUELS OF 100-OCTANE NUMBIR

By Addieon M, Rothrock, Arnold E. Biermann
and Lester C., Oorrington

- SUMMARY

Knock-1limit performance tests were made with eight
representative fuels reted at 100-octane number by the
C.F.R. avistion method. The prccedure consisted of deter-
mining the meximum permisesible indicated mean effeotlve
pressure as a funotion of the fuel-alr ratio. The elght
fuels were mixturese of representative blending agents end
bases. One of the fuels cnntained 15 percent benzens.

All of the fuels with the excedtion of one contained 3.0
milliliters tetraethyl lend per gallon.

The data show considerable difference in the maximum
permissible performance of these fuels when tested in the
Lycoming 0-1230 cylinder. This ssme difference 1s evi-
dent in data determined with scme of the fuels in a Wright
G-200 cylinder, a 2% -inch bore C.F.R. cylinder, and an
Ethyl Gasoline Corporation 17,6 cylinder. The data indi-
cate that, as the inlet-eir temperature to the engine 1is
Increased, the genersl level of the maximum permissidle
performance is decreased, but the decrease is less with
rich mixtures than with mixtures close to the chemically
correct value. The data further show that the fuels have
octane numbers, as determined in the Lyccming eylinder,
the Wright cylinder, or the Ethyl Gasoline Corporstio:n
cylinder, 1n excess of that for 8-1 reference fuel, In
particular, one fuel permitted a maxlmum permissible 1n-
dlcatoed mean effective pressure 56 percent in excess of
that permitted by 8-~1. The date show that the sperk-plug
type has no effect on the knock limit, provided that pre-
lgnition or afterfiring does not occur.

The percentege of naphthenes, psraffing, or aromatics
shows no specific relation to the knock levels of the d4i1f-
ferent fuels. There is gome lndicstlion from the data that
fuel volatlillity 1s playing a part in the knock-rating
curves determined for the fuels.




INTRODUCTION

At the Langley Mexorial Aeronautical Laboratory dur-
ing the past year the Nastlongl Advisory Committee for
Aeronautlics has been conducting tests on the maximum per-
mipgsible performance of representative fuels rated at
100~0ctane number by the C.F.R, aviation method (refer-
ence 1). These tests were made following the recommenda-
tion of the NACA Subcommittee on Alrcreft Fuels and
Lubricents. Date were recorded showing the variations in
knock characteristiceg that occurred among eight such
fuels in a full-scale single cylinder when the fuel-alr
ratio and the inlet-~air temperature to the engine wers
varied. The purpose of this report is to present the
results of these teste.

The National Advisory Committee for Aeronautics ex-
presses 1is appreciatlion to the Esso Lasborastorles of the
Standard 0311 Devolopment Company and to the BEthyl Gaso-
line Corporetion for the use of certain dats which were
recorded in the laboratories of these compsnies and which
hava hitherto been unpublished., Where these date mere used
in this report, gpecific mentlon is made of the gource.

FUELS TESTED

Eight representative 100-octene-number fuels referred
to as fuels 1, 2, etc. (tabie I) were chosen by the Sub-
committee on Alrcreaft Fuels and Lubricants of the Natlonel
Advisory Committee for Aeronsutice. All of the fuels wilth
the exceptlion of fuel 2 contain approximsetely 3 milliliters
tetraethyl lead per gallon. Fuel 2 contains 6 millliliters
tetresethyl lead per gallon, In iL8bles and figures tetra-
ethyl lesad 1s designsted TEL. The firet three fuels con-
tain a 74-octans-number base. To fuel 1 a hydrocodimer
blending agent hes been sided. Both fuel 2 and fuel 3
have an slkylate Plending agent. A comperison of fuels
1l and 6 shows the effect of the hydrocodimer blending
agent with, firset, the 74-octene straight run base and,
second, a Houdry base. Fuels 3, 4, and 5 show the effect
of the 74-octane base, the hydroformed base, or a Houdry
bese, respectively, in an alkylate blending agent. A
comparison of fuel 8 with fuel 7 showe some of the effects
of the addition of benzene,



Table II lists the properties of the base stocks and
the blending agents of the first six fuels, Table 1lII
presents the characteristios of the blended fuels. The
date in tables II and III were presented by the Esso
Laboratorlies of the Standard 0Oil Development Company.
The Houdry gasoline was supplied by the Sun Oil Oompany,
Teble IV listes the inspeotion data on fuels 7 and B pre-~
sented by the Standard 0Ll Company (Indiana). The aro~-
matlo for fuel 8 1s bDenzene,

Table V lists the heats of combustion and the

hydrogen~carbon ratios of the elght fuels as determined

at the Langley Memorial Aeronautical Laboratory, The dif-
ference between the values given in this table and thoase
shown in table III is small. A comparison of the heats

of combustion as listed in table V shows the maximum dif-
ference among the fuels to be a little less than 4 per-
cent,

Fuels 4 and 8, both of whioch contaln 16 perceat aro-
metics, have the lowest heats of gombustion and the low-
est hydrogen-carbon ratios. Fuelg 6 and 6, which have
the highest percentage of pareffine, have the highest
heats of combustion but not the highest hydrogen-carbon
ratlos, -

The distillation data for the fuele are plotted in
figure 1. This figure also contains the distillation
curves for 8-1 fuel and for 8~1 + 2,0 milliliters tetre-
ethyl lead, The saturated vepor pressures of the fuels
at different conditione and the heats of vaporization of
the fuels are possldbly of more significance than the dis-
tillatlon data in estimating the mixing characteristics
of the fuels,

The octane numbers of the fuels shown in table I
were determined dy four different laboratories .according
to the O,F.B, avietion method (reference 1), The octane
numnbers of the eight fuels vary from 99.4 to 100 +0,06
milliliters tetraethyl lead, The reference fuels were
§~1 and 8~1 + TEL,

APPABATUS

A Lycoming 0-1230 oylinder with a standard flat~top
pleton was used in moet of the tefts. This cylinder 1a
ligquid~cooled and has a bore of 64 inches and a stroke
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of 4%@ inches, giving a displacement of 103,8 cubic
inchds, The cylinder wes set up on one of the originsl
Alr Corps type universal crankcases built by the Steel
Prodiots Company. A dlagrammatic sketch of the set-up is
shown in figure 2,- - ’ - .

Juelg 7 and 8 were also tested in a Wright G-200
cylinder mounted on a Waukesha CUE crenkcase. This cyl-
inder has a bore of 634 inches and a stroke of 61@ inches.
The general eset-up wae similar to that shown in figure 2.

The following test conditions were maintained con- .

"stant:

Lycoming - Wright G-200
0-1230 cylinder cylinder

Englne speed, Il .+ « &+ & « + 4 . e . . 2009 2000
Spark edvence, °B.T.C. + «-v . o« . . . 27 20
Comnression retio . . . « . . . « « « «» T.0 . 7;0-
Inlet coolant tem)erature, O ., . ... 2h0 . —_—
ReaT spark-viug boss temperature, oF. . —— . 400"
011 outlet temperature, °F . . . . . . 165 _ 200

TZST PROCEDURE .

Kpoeck liplts.— The inlet-air pressure that caused
audible knock was determined over the renge of fuel-alr
ratios from approximately 0.05 1o 0.12. The- inlet pres-
sure at each test point was reduced 7 percent, below the
value produeing audidble knock before the data were re-
corded, the mixture retio nnd other varisbles being kept
constent., The engine wes onerated for a short period at
these condlitions before the data were recorded. Data
taken previously with thie eylinder showed that the M.I.T,
knockneter lndicated inciplent knock et this condition of
operation, Data recorded with an inlet pressure of 93
percent of thet producing audlble knogk represent a prac-
ticel operating limit. Experlience has indicated that
this knock level 1s sbout the maximum at. wvhich the engine
can be operated for prolonged periods.



The fuel flow and the inlet-~alr pressure being sepa-
rately oontrolled, 1t was.neceasary to 1ncreese eaoch al~-
ternately in small increments as the knock point_ was ap-
proached in the extremely lean mixture range. Under
theee conditions the mixture retio wes found to be very
critical. At.a slightly leans? mixture, the engine would-
mliefire and, at a slightly richer mixture, severe knock-
ing wes encountered. The reasson-for thesge phenqmena is
readily understocod from figure 3. The dotted line shows
the menner 1n which the fuel flow and the inlet~elr pres-
sure were varled in bringinug the engine to the knock
vpoint, The final adjustment in each case was mude dy in-
creasing the fuel flow slightly uatll audlible knock was
encountered. When thes inlet pressure was decresased 7 per-
cent to resch stzble operating cenditions, it wes found
necesgsary to lower the fuel) flow first. If the  inlel
pressure wes lowered firsi, violent kanocking would result,
es 1s apparent from figure 3. In many cases,. vhen the
knock point was being approached at extremely.lean mix-
tures, the engine would ‘suddenly knock very severely for
two or three oycles, ZFor very lean mixtures, light knocks
could be occasionally heard at -the inlet pressure of 93-
percent audidble knook, probably because of variation in
the mixture strength.

To determine the khock point on the rich side of the
curve, the fuel flow wes set and the inlet pressure was
incressed until knock occurred. Thie method is illustraet-
ed by the deshed line in figure 3. In this case 1t was
necessary to lower the inlet pressure first in obtaining
the condition of 93—~parcent audible knock.

Afterfiring.~ Afterfiring wae checked by cutting the
ignition. Particular -care.was exerclised to avold hot sur--
faces in the exhsuet pipe because thelr presence might
ceuse ignltlon.after-the switch vas cut.

Spark edvance.~ The spark advance in these tests was
.chosen somewhat arbltrerily. Dsta were firast recorded
showing the relation between epark advence and the power
output with 8-1 fuel., ' As 'the variation of power with
spark advance was quite emall in the maximum-power range,
retarding the spark to a l-percent drop in power was. nec-
essary t0 give a specific value of the epark advance. as
shown in figure 4; Beveral of the other fuels were zlso
tested for.the effect of spark advance, and the results
showed that the spark advance for l-percent drop from
meximum power wsasg within 1° of that for 8-1.



Epgine friction.- The engine frietlon wes determined

by motoring the engine at the desired sveed end engine tem-
peratures. Rersdinge were taken of the bPrake load for var-
ious inlet pressures. Care was teken to malntain the oll
temperetures at the same value in the frictlon runs as 1in
the fuel-test runs. A curve was plotted of friction meen
effective pressure againet inlet preserure, And the valuas
of indlcsted mean effective pressure were camloulated by
adding the friction mesn effective pressure to the bdreke
mean effective pressure., PFriction curves were obtalined
epproximately every 20 hours of engine opermtion. Sample
curves are shown in flgure 5, The variatlon between the
two curves represents esbout the meximum that occurred.

During the tests of fuel 7, the engine wses disas-
sembled, When it wes reassembled, the data on S-1 fuel
did not check the previous readinge. For this resson,
tests to determine verietion of fuel-slr retio with max-
imum permiseible 1ndicated mean effective pressure were
repested on S§-1 and S~1 + 1.0 milliliters tetraethyl lead
g0 that the results of the second test on fuel 7 could be
compared with 8-1. Becsuse the firet tests with fuel 8
were limited by afterfiring, teats on this fuel were amlso
repeated with a8 different sperk plug, which eliminseted
the afterfiring and permitted the knock limit of fuel 8
to bs reached.

The electrodes of the spark pluges used in the tests
on the Lycoming cylinder were receesed approximately 7/16
inch from the inner surface of the combustion chember.
In the lean region, thet is, et fuel-elr ratios of lese
than approximately 0.067, the firing waee irregulesr. Subdb-
sequent tests made with thie e¢ylinder, in which the elec-
trodes were flush with the inner surface of the combuetion
chamber, have shown that with thie srrsngement firing in
the lesn reglon 1s more regular,

Accuracy.~ The reproducidility of the data was not
checked for all of the fuelr. Checks were made esach dey
on the knock limit of S-1 o% a fuel~alr ratlo of 0,07.

If the maximum permissible inlet pressure did not check
within +1.0 inch of mercury, the engine was exsmined for
poesible causes of the discrepancy. In one case, as
mentioned previouely, a check could not be obtained. The
tests of the fusl in question were repested together with
tests of the reference fuels., 8Specific mention of these
teste 1s made later in the report.
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All velues of inlet pressure are given in inches of

‘mercury, absolute,

- - -~ - . -
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TEST RESULTS

In thelbfeéenta f1on of the knock characteristics of these
elght representative 100-octane-number fuels, 1t is advis-

able to compare the results obtained with the data recorded
for the 8~1 reference fuels.

« - D

An examination of the results for S-1 fuel and 8-1
plus tetraethyl lead (fig. 6) at the two inlet-air temper-
atures shows, as is to be expected, that the maximum per-
misglible indicated mean e ffective pressure st sny one fuel-
alr ratio decressed as the inlet-air temperature was in-
creased. There 1s ale0 a merked difference in the general
shape of the curves, At the lower inlet-alr temperature,
the curves tend to reach a maximum value of the maximum
permisgsidle indiceted mean effectlve pressure at a fuel~
alr ratlo of approximately 0.090, At the higher inlet-
alr temperature, the curves in general tend to show a con~
tlnuous increase in the maximum permissible indlcated mesn
effective pressure ss the mixture is enriched or, 1f a
maximum ocours, 1t ocours at a richer mixture than is the
case at the lower inlet temperature, This difference in
the shape of the ourves ig not clearly understood, A
poselble explanation 418 that vanorizatlion of the fuel 1s
influencing the resction,

In the lean region the maximum permigsible indicated
mean effective pressure continued to decrease in all of
the cases except one, This continued decrease is 1in con~-
tradiction t0o results presented at other laboratories.

For instance, in the tests made on the O0,F.R, engine by

the O.F,R, group working on the proposed tentative super-
charged method, as the mixture retio was leaned below ap-
proximately 0.066, the maximum permissible indicated mean
effective pressure incressed. A eimilar increase for lean

~mixtures will be presented lster in this report for tests

with the Wright 6-200 cylinder, Thie difference in the
shape of the curves 1s attributed to the recessed spaik"
Plug used with the Lycoming cylinder. Tests now belng
conducted on this oylinder with the spark-plug electrodes
flush with the inner surface of the combustion chamber
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show that, with this arrangement, the lesn mixture opera-
tion ie improved end the maximum permissible indlcated

mean effective pressure passes through a minimum at a fuel-
alr ratio of about 0.065., This change 1s cesused by the
posltion of the sperk-plug electrodes and not by the sperk-

plug type.

Because 1t was necessary to change the type of spark
Plug to prevent efterfiring with fuel 8, tests were run
with §-1 + 3.0 milliliters tetreethyl lead to determine
whether the spark plug had any unforeseen effect on the
k¥nock limit of the fuel, RBesults presented in table VI
show that chenging the type of spark plug or inetalliag a
thermocouple in the center elsctrode of the spark pluz
did not affect the maximum permissible inlet pressure or
the maximum permissible indiceted mean effective pressure,

JFiguree 7 snd 8 show the resulte for the eight rep-
resentative 100-octane~number fuels. At both inlet-air
temperatures the maximum permliselble indiceted mesn ef-
‘fective pressure reached a maxlmum: a8t a fuel-alr ratlo
of approximately 0.080 at the lower inlet-air temperature
end at a fuel-air ratio of approximately 0.090 at the
"higher inlet—~air tempersture. The fact that these curves
o0f mexlimum permiesible lndicated mesn effeoctive pressure
deoline in the rich region -~ wheress such was not the
case with the curves for tLe reference fuels — means that
the octane number of themae fuels as determined on the
Lycoming cylinder will decrease in the riech reglon.
Whether this decresse appllies to the full-~scale perform-
ance of these fuels is not known. If this difference in
the shape of the curves 1s the result of the fuel vola-
ti1lity, and the data for d&rawing such a conclusion are
admlttedly incomplete, it 1s loglcal to expect thst this
volatiilty will cause a difference between multicylinder-
engirne and single~cyllnder-engine results,

In a multicylinder engine the fuel 1s first ecarbdu-
roted and then psssed through the supercharger. If a tvwo-
stage supercharger 1s used, the fuel le cerbureted between
the two steges. While the fuel is paseing through tke
supercharger, 1t le being mixxd with the air., This mixing
time 1e not avellasble in single-cylinder set-upe, in which
the injectien nozzle or the carburetor is mounted close
to the inlet valve of the engine. It is qulite possible
that in order to reproduce full-scale results 1t will be
necessary to place the carburetor or the fuel-injection
nozzle at some distance from the engine so that additional



time will be permitted to vaporize the fuels. The date
show the need of more lnformation on thils subject 1if
fuels gre_to be properly rated._ _
The results shown for fuel 8 in figure 7(b) by the
solid curve are those for which in moet cases the perfor-
mance of the fuel was limited by efterfiring. When the
spark plug was changed to a codler running plug, thils
afterfiring was eliminated and the results shown by the
dashed curve were recorded. Aes mentioned in the test
procedure, when this second run wee made with fuel 8, it
was necegsary to repeat the data on the reference fuels
and, at the same time, a second series of deta wae re-
corded for fuel 7. This second test for fuel 7 1is also
shown as the dashed curve in figure 7(b). Both curves
for fuel 7, although differing in actuasl values, show
qulite good agreement in regard to the generasl shape.

Figure 8 showg the data for fuels 7 and 8 determined
in the second series of tests together with those for the
reference fuels. TFTigure 8 also shows data on the indi-
cated speciflc fuel consumption determined in these runs.
A single curve csn be drawn to represent the indiocated
specific fuel consumption indicating that the addition of
16 percent benzene caused no meagursble increase in the
specific fuel consumption.

The exact significence of the afterfiring with fuel
8 18 not clear. The afterfiring limit at the higher
inlet-air temperature placed this fuel below the other
fuels for fuel-sir ratios of less than 0.08. The data
indicate that afterfiring would not occur at fuel-air
ratlios greater than approximetely 0.096. In the second
serles of tests, in which the afterfiring was elliminated,
the performance of this fuel was entirely satisfactory.
Its very marked improvement over the other fuels is no-
ticeable. How much of the improvement in fuel 8 over
fuel 7 resulte from the addition of the benzene and how
much of the improvement results from the inocrease of the
phosphoric acld iso-octane content 1s not clear.

M B B " X B BDE S B R m e m m ¢ -~
ipnder pressures.- The indicated mean effective pressure
developed at 1ncipleant knock 1s a function of both ihe

mess O0f alr inducted per cycle and the fuel-alr ratio.

The inlet pressure at any one inlet tempereture ie a meas-
ure of the mags of alr inducted into the engine. The rela-
tions between the fuel~sir ratio and the maximum permis-
sible inlet pressures are therefore of interest.
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Figure 9 presents the recorded maximum permissible
inlet pressures and the oorresponding maximum cylinder
pressures as functlions of fuel-air rgtio. At the lower
inlet-eolr temperature the maximum permissidle inlet pres-
sure firet decreesed and reached -a minimum at a fuel-air
retio of approximately 0,065 to 0.07; although with fuel
2, at the lower inlet-sir temperature the maxlimum permis-
8ible inlet pressure continued to decrease, reachling a
minimum at a fuel-alr ratio of about 0,105, With fuels
l1, 3, 4, b, 6, and 7 at tho lower inlet~air tempersture
the permlissible inlet pressure reached 2 maximum at a
fuel~-elr ratlo of gpproximately 0,09 and a second minimunm
at a fuel~air ratio of apprroximately 0.11. Again, the
significance of thege marimume and minimums 1g far from
clear. At the higher inletwair temperature, although the
minimums at s fuel-air ratio of approximetely 0,065 con-
tinued to be clearly indicated, the maximume in the rich
range elther dlssppesred or becsme less marked. Agaln,
vaporization of the fuel 1s eugzested as a posaslble cause,
although the couree of the combustion as 1t 1s possldly
affected by the inlet-mixture temperature must not be
overlooked, Figure 9(c) preeents the results for the
second series of tests on the reference fuels and on
fuels 7 and 8, ' .

Speclfic fuel consumpilons.- In figure 10 it is seen
that at an irlet-air temperature of 2350° ¥, within the
limits of experimental error, a slingle curve represents
the indicated specific fuel consumptlon data for all
eight fuele and for the §~1 fuele. The indiceted specific
fuel coneumptions at the lower inlet-slr temperature were
the same as those et the higher temperature, within ex-
perimentel error., (See tablies VII emd VIII.) That 1s %o
say, any differences in the indicated specifiec fuel con-
sumptions thet resulted from a difference in the heat con-
tents of the fuels were within the experimentsl error,

The data for braze epeclific fuel consumption showa 1in fig-
ure 10 scattered considerauly. - The reagson for this scat-
ter 1s that the friction mean effective pressure 1ls a
function of the inlet pressure, as shown in figure 5,

Because the brake specific fuel consumption 1s not
dependent on the fuel-alr ratio alone, the use of brake
specific fuel consumption should be avoided as much as
posslble in ploetting fuel-rating curves. The situation
ie further compliceted when single~cyllinder data are conm~
pared with multloylinder data for, in the full-secale
engine, the  supe rcharger is driven by the engine., A
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posgltle method of overcoming the difficulty of determin-
ing the irdicated performsnce on the full-sc2ole englne is
to plot the.,curves as maximum permiseible 2ir quentity
inducted in pounds per cycle per cublic inch of engine 3is-
Placoment as a functlon of fuel-sir ratio,

In figure 11 the indicated specific fuel consumption
1s plotted as a function of fuel-alr ratio divided by the
fuel-air ratlo for complete combustlon, Agaln, the varia-
tion in the results caused by the difference in the heats
0f combustion 1s apperently within the expsrimental error.

Comparison of results with those recorded for other

engines.- In figure 12 are shown the knock-limit results
rscorded at the Esso Laborstories of the Standard 01l
Company of New Jersey for slx of the elght representa-
tive 100-~o0ctane-number fuels. In general, the curves sre
eimilar to those determined on the Lycoming cylinder. In
figure 13 ere gshown the Zeso data in comparison with the
NACA data plotted on the basie of maximum permisesldble alr
guantity inducted per cycle psr cublc inch of engline dis-
placement as a funoction of fuel—-alr ratio, When the date
from the Beso Laborztories are compared with the NAQA
date for ean inlet-alr tenperature of 2500 ¥, the curves
for the three fuelas listed check quite well., There ie no
Justification for using the NAOA data at the inlet-alr
tomperature of 2509 T insgtead of the inlet—-air tempera-
ture of 150° F, which is more closely in accord with the
Esso Laboratories conditions, except that there seems to
be better agreement of the NACA data 1f the higher tem-
perature 1is uned, The data 1ndicate that good correlation
can be obteined between different engines under specific
operating condltions, The operating conditions required
to compare the data from one engine with those from a
second may not, however, be the same aas ithose required to
compere data from the first engine with data from a third
engline,

Figure 14 presents data Getermined at the NACA lab-
oratorles on a Wright G-200 cylinder. In all cases the
pPerformance waes limited by knock, no afterfiring being
recorded., The procedure in determining theee data on the
G-~200 cylinder was the seme mas that on the Lycoming cyl-
inder, with the exception that, in the Wright G~200 get-
up, the engine operators were in a separate room from the
engine. The knock was listened to by meens of a micro-
phone hung over the engine and attsched to earphones in
the operators! compartment.
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The curve for indlcated specific fuel consumptilon
(fig. 14) checks reasonably well with the corresponding
curve recorded for the Lycoming oylinder for mixitures
richer than 0,066,

When the fuel-alr ratio was decreased below a value
of 0,066 on the G~200 cylinder, the meximum permisasible
indicated mean effeotive mnressure inceresred in contradic-
tion +0 the results recorded with the Lycoming cylinder.

In general, the effecte ol changing {the lnlet-»ir
tempersture were the same in the Wright G-200 cylinder =ms
in the Lycoming 0-1230 cylinder (fig. 15).

Jigure 16 presents data from the Ethyl Gasoline
Corporation 17.6 engine {17.6 cu 1a. displacement) re-
corded by the Zthyl Gaeoline Corporation on NACA fuels 7
and 8 and on 8-1 emd £-1 plus tetrasthyl lead. Figure 17
presents the same data plotted with fuel-sir ratio aas the
" abscissa, The fuelw-air ratioe in this case were estimated
because alr consumption data were not recorded. Thils es-
timate wae made i1n the followlnz manner: Data were pre-
sented by the Bthyl Gesoline Corperation (not included
herein) for the meximum permissible boost pressure for
8-1 and §-1 plus tetraethyl leesd up to wvaluss of 6 milli-
liters per gallon., These desta were for the maximum knoeck
mixture, that ig, the mixture ra%tio wkich gave the high-
esat thermal-plug reading at a constant inlet pressure.
Bagsed on the daia precented in tnls report, this fuel—~air
ratio 1s asssumed to be 0,07, From this assumption and
the indicated speclific fuel consumption recorded 1n the
Ethyl Gasoline Corporation tests, the air, in pounds per
hour, l1nducted into the evuglne as a function of the boost
preesure was estimated., It was then further assumed that
this curve of boost pressure agalnst air flow did not wvary
wlth fuel-alr retio. Aithouugh thig assumption ie not ex-
act, lte accuracy is probably sufficlent for the present
purpose., The varlation botween the exmct values of fuel-
alr rgtlo and these estlmated velues l1ls indlcated by the
gspread of the datae for speclflic fvel consumption as a
function of fuel-alr retio, shown in figure 17, and pos-—
8lbly in the spresad of the curves of lndiceted speclflc
alr consumption, although these curves might lie 1In the
relative poslitions ehown because of the difference 1in the
hydrogen~carbon retios and the heats of conbustion of
fuels 7 and 8.
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The curves ¢f maximum permiegeidle inlet preesure as
a function of indicated specific fuel consumption (fig.
16) show a similarity between the curves for the 8-1 fuels
that is not present for the other two fuels. In the B-1
fuels the curves incline as the mixture ratio 1s increased
at & more or less constant rate until the mixture ratlo
reaches exceedingly rich values. In these curves of maxl-
mum permissible inlet pressure the curve does not pass
through the points to the same extent as the curves drawn
for the maximum permissible indicated mean effective pres-—
sure but is faired to give a smooth curve., Ourves for
fuels 7 and 8 show first a rapid increase in the permis-
gible pressure as the mixture 1s enriched and then a
marked decrease in the slope of the curve representing
the experimental data, the slope of the line in this re-
g€lon being less than that for the 8-1 fuel. As the mix-
ture 1s enriched beyond a fuel-alr ratio of 0,10, the
curves incline more rapidly. The sharp increase in the
maximum permiesible inlet pressure in the extremely rich
mixtures is quite marked,

The general relation of the curves for the two repre-
sentative 100-octane-number fuels as compered with the
8-~1 fuels 1es similar to that obtained in the NACA tests.
In each casse fuel 7 over the range of fuel-alr ratios be-
twveen 0,060 and 0.100 has a relative knock value about
the same as that for S~1 + 1,0 milliliter tetraethyl lead;
and, although the data are not shown on the Lycoming cyl-
inder for 8-l + 3.0 milliliter tetrasethyl lead in flgure
8, 1t 18 egtimested from figures 6 and 8 that the curve
for fuel 8 would show the same similarity in magnitude to
the curve of 8-]1 + 3.0 milliliters tetraethyl lead as do0
the curvee for fuel 8 end 8~1 + 3.0 milliliters tetra-
ethyl lead as recorded on the Bthyl Gasoline Corporation
17.6 oylinder. The decrease in permissible indicated mesn
effective pressure in the rich region that is showvn in the
results presented in figures 16 and 17 1s not -accompanied
by a decrease in either the permissible inlet pressure or
the estimated permiseible air quantity inducted. In fact,
the air quantlity inducted, as estimated from the inlet
pressure, continues to increase as the fuel~air ratlio 1is
increased, This increase is not sufficilently repild to
offset the drop in indicated meen effective pressure that
-occurs with rich mixtures and, for this reason, the curves
of indicated mean effesctive pressure reach a maximum at
fuel~air ratios of about 0,10,
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COMPARATIVE OOTANE NUMBEZ OF FUELS TESTED AS DETERMINED

ON PULL-SCALZ CYLINDIRS

The goal of rating fuels 1s to insure that all fuels
of the eame rating will have the same rolativs knock char-
acteristices 1n 8ll engines, regerdless of juet what the
actusl performalce 1ls. Admittedly, 1n the present state
¢f knowledge of fuel rating, this gosl has not been
achieved. With 1te present lnadequacies the octane-
number method of rating fuele hus, however, been quite
edvantageous to the dovelopment of aircraft engines and
alreraft fuels. In the foregolng esction of thie report
i1t has been pointed out that, although each of the eilght
representative fuele tested had an octane number of 100
by the C.F.B. aviation method, the performance of the
fuels in the different cylinders and under the different
conditions of operaticn presented consideradle verliation,
The most important factor to determine 1n reiatlon to the
fuel rating is the variation in the data obtalned for any
one fuel urder the dlfferent condltions of the tests and
the varlatica between the fuela., In ths presentatlion of
an anelysle of thieg varliation, the fuels are compared
reletive to 5~1, that 1s, by octans number.

Qomparativo performance of §-1 plus tetraethyl lesd.-
In table VII are listed the maximum permiseible indlcated
mean effective pressures recorded with S-1 plus different
quantities of tetraeihyl icad at the two inlet-alr tenm-
peratures tested on the Lycoming cylinder. Table IX pre-
sents data for ithe seccnd ruvn on the Lycoming cylinder for
B~1 and 5-1 + 1.0 miliiliser tetrasthyl lesd. Immedistely
beneath the values c¢f indlicated mean effective presscure
are glven the relative valaes of the indicated mean effec-
tlve pressures with respect to S~1 at the same engine
ocpereting conditions and at the same fusl-alr ratlo,
These data are plotted im figure 18 so that the vaiues at
the two different inlet~alr temnerztures can be compsred.
Figure 18(a) shows tnez curves for lesaded 9-1 at an inlet-—
alr temperature of 250° ¥ os dotermined in the first
serles of runs, together with the curve for §-1 + 0,5
millilitor tetreaethyl lead st the inlet-ailr tempersture
of 160° F, In figure 18{VY) are the three curves recoided
for 8-1 + 1.0 milliliter tetraethyl lecad, Figure 1l8(c)
shows the two curves recorded for 8§-1 + 2.0 milliliters
tetraethyl lead and 18(d) shows the two curves recorded
for S~1 + 3.0 milliliters tetraethyl lead at the two
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inlet~alr temperatures and all the curven for the lesaded
§5-1 at an inlet~-air tempersture of 160° ¥, In figure
18(e) are average .curves.for the leaded S-1, _ __

The curves at the two different inlet-air tempera-
tures 1ndilcate that, for fuel~air ratlios equal to or 1ln
excess of 0,07, the agreement between the data recorded
et the two inlet-air temperatures is quite good. Tor
lead quantitles of 0,6 and 1.0 milliliter, the curves di-
verge at the lesn-~mixture ratios. As has besn stated be-
fore, too much confidence cannot be pleaced in the date
for fuel~alr ratio of 0,06 because the engine 4id not
operate smoothly .at this fuel-air ratio, The average
curves form a reasonably good famlly of curves. In gen-
eral, 1t caen be sald that over the operating range of
fuel-alr ratios, the agreement between the data at the
two inlet~alr temperatures is reasonably satisfactory.

In table X for each fuel—air ratio at the two inlet-
alr temperatures there are tabulated the percentages of
increase in relstive indicated mean effective pressure
for each 0.1 milliliter teiraetnyl lsad for ranges of
tetraethyl lead from O to 0,6 and from 0,56 to 3.,0. These
data were determined from ocross plots for the curves pre-
sented in figure 18, TFor leaded quantities from 0.5 to
3.0 millilitere tetraethyl lesd, there is an increase in
relative indicated mean effective pressure of 1,6 percent
for each 0.1 milliliter of tetraethyl lead. For the range
from 0.0 to 0.6 milliliter tetraethyl lesd, the increase
in permiselible relative indicated mean effective pressure
varlies with bdoth the fuel~anlr r-~tio and with the inlet-
alr temperature.

Comparative performance of eight representative 100-
octane-number fuels.- Tadblee VIII, IX, XI, XII, and XIII
list the maximum pe rmissible values of indlcated mean ef~
feotive pressure for the eight representative fuels under
the different test conditions and the percentage val ues
of these indicated mean effeative pressures compared with
8-1 at the same operating conditions and fuel-air ratios.
The percentage values are plotted in figure 19. As the
fuel—alr ratlo is incressed from 0,07, the relative indi-
cated mean effective pressures of the fuels in general
decrease 80 that, as the mixture is enriched, the relatlve
valuee of the fuels approach more olosely the value of
8-1. The C.¥.R. aviation method of knock rating is cdeter-
mined at the fuel-air ratio giving maximum thermal-~plug
temperature; this ratio, according to the temperature
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curves recorded durlng these tests, should not be in ex-
cess 0f a fuel-sir ratio of 0.07. According to figure 19
the varlation of the relatlve performance at this ratio
is as great as at the other fuel-eir ratios. This fact
is in accordance with the snalysis presented in reference
2-

In only three casses, that is, with fuels 1, 2, and 3,
did the relestlve performaance of the fuel intersect the
100~percent ordinate -for 6~1., With fuel 1 the intersec-
tl on occurred at a fuel-alr ratlo of about 0,12; with
fuel 2, at a fuel-alr retio between 0.10 and O0.1l1l; with
fuel 3, at a fucl-alr ratio cf about 0,07 at the lower in-
let temperature acd at & fuel-air ratio of about 0.10 at
both inlet—alr temperatures, Fuels 4, E, and 6 closely
approach the value for 8-1 at the richest mixture tested.

A comparison of the varietion in the relative rating
of the different fuels shows r3essonably good agreement
for the reletivu rating curves at the two inlet-alr tem-
peratures for fuels 1 through 6. The greestest divergence
in relative values occurs with fuel 7. Thig divergence
reachee a valus of 24 percent, congidering all the curves
presented. There are esdmittedly more data for thies fuel
than for any of the other fuels tested. The maximum d1-
vergence for the runs on the Lycoming cylinder is approx-
imately 18 percent and ococurs at a fusel-air ratio of 0,07,
There 18 good agroement between the shape of the curves
for the two runs on the Lycoming cylinder at an inleit-~air
temperature of 260° F and the run on the G-200 clyindasr
at an inlet-elr temperature of 150° P, At a temperature
of 250° T on the G-200 cylinder the data agree more close-
ly with the data at 150° F inlet-sir tempesrature on the
Lycoming. The reason for this apparent reversal of the
inlet-alr~temperature effect on the two cylindere 1s far
from clear but, according to the enelysis presented in
reference 2, such differences might be expected. I1n this
relation, reference 18 made to figure 8 in which 1t is
noted thaet the curve for B-1 does not show a minimum at
es8s low a value of fuele-gagir ratlc as do the other fuels
presented on this figure. This fact causes the curve in-
figure 19 for fuel 7 for the 3-200 cylinder at 150° F to
show a sharp incresse in relestlve value between a fuel-~
alr ratio of 0,06 end 0,07,

Ourves for fuel 8 for which data sre presented on
three different cylinders varylng in displacement from
17.6 to 202 cubic inches at approximateiy the same inlet-
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air temperature show, in generel, a high level of relative
maximum permissible indicated mean effeotive vressure.
There is a marked -eimilarity.between the_ data determined
on the Lyocoming oylinder end those obtalined with the Ethyl
Gasoline Oorporation 17.6 oylinder, with the exception
that the curve for the Mthyl Gesoline Corporation cylinder
i1s shifted to the right dby a differernce in fuel-—alr ratlo
of approximately 0.01. This difference may posesidbly be
attributed to inacocuracies in estimating the fuel=~alr
ratl o for the Ethyl Gasoline Oorporstion data. The data
recorded on the @G-200 ecylinder do not show the decllne in
the relative indicated mean effective preessure as the
fuel—~alr ratlio 1s decreased below 0,07, .

In flgure 20 are presented average curves for each
fuel together with the average curves for the leaded 8-1
fuels. The data recorded for the BEthyl Gasoline Corpora-
tion 17.6 oylinder have not been considered.. From these
average curves, values of octane number for the different
fuels have been determined and are recorded in table XIV,
The values for the fuels ehow, in general, an increase 1in
relative octane number as the fuel-alr ratlo is increased
from 0,06 to fuel~air ratios of about 0,07 to 0,08 and a
decrease at the richer mixtures. Of particular interest
in thles table 18 the varietion in octane rating of each
fuel listed. The maximum varistion, which occurs with
fuel 8, 1s 1,0 milliliter tetraethyl lead.

The varistion in values of the octane ratings for
any one fuel at the two inlet temperatures must aslso be
congidered (teble XV). Tor fuels 1 and 2 the maximunm
variatl on at any one fuel-air ratio ie 0.2 millillter
tetraethyl lead., For fuel 3, 1f the value of fuel-alr
ratlo of 0,06 18 neglected, the maximum variation 1s
from 99~occtane number (estimated) to 8-1 + 0.3 milliliter
tetraethyl lead. A drop of one ootane number below 100
represents about the same decrease in performence as the
increase obtained through the addition of 0,1 milliliter
tetraethyl leed above 100-occteane number. It is therefore
estimated that the maximum variation for fuel 3 1s 0.4
milliliter tetraethyl lead. The maximum variation for
fuel 4 1s 0,3 milliliter tetraethyl lesd. In fuel 5 the
maximum variation reaches a valiue.of 0,56 milliliter tetra-
ethyl lead, if the value .at 'a full—alr ratio of 0,05 1is
negleoted. JFuel 6 showe the least variation of any of
the fuels, having a maximum variation of 0,1 milliliter
tetraethyl lead. Tuel 7 shows the grestest variation of
all of the fuels for which a comparison can be made; this
variation is 0.90 milliliter tetreethyl lead at a fuel~-
alr retio of 0.07.
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One fact that must bde emphasized in thlis analysls of
the octane number of the fuels 1s that the fuels are all
being compared with the experimental data for 8-1. TFor
this reason, eny error that occurs in the curve for 8-l
will ocour in the octene numdbers for the different fuels.,
Pigure 7 showe that the four points for 8~1 in the lean
region are so scattered that a smooth curve cannot be
drawn through the polnts. The constructlion of thls curve
willl, of course, affect the fuel retinges in the range of
fuel-alr ratio from 0,05 to 0,07, BRating the fuels from
a comparison with 8-1 introduces the error that occurs in
the curves for the unknown fuels ae well as any error
that ocours in the curve for the 8-1 fuel. This acecumu-
lation of error 1s unavolidable if the fuels are rated by
reference to a standard fuel or fuels, The errors re-
sulting from any error in the §-1 curve occur in the data
for each of the fuels; for this resson, the comparison of
the variation of the eight fuels among themselves is valid,
even though the actual valuee may be in error. JFor the
present anglyeis, the comperison of the fuels among them—
selves is more important, for the primary interest is in
the variation of the fuels when compared with esch other.
and not in the variatl on with the fuels from the 8-1 ref-
erence fuel,

Comparison of fuels based on .gopstituents.- In table
IVl a tebulation is mede of the fuels in descehding order:?
first, the percentsge of aromatics; second, the percentage
of nephthenes; third, the percentage of paraffins; and,
finaelly, in order of descending merit as shown from the
knock - test data as given in figure 20, There seems.to
be no agreement between the vercentage of the constituents
and the order of merit. Just how valid this comparison
1s, it 1s difficult to etate. More data on the knool
characterietics of pure hydrocarbons and the blends of
pure hydrocarbons are needed to determine the effects of
these consetitnents, :

CONOLUSIONS

l. The.data preeented in this report have shown
that varying the inlet-alr tempersture changes not onlg'
the level of the knock-~limit curves of the fuels tested
but elso the shape of the curves for these fusles. ‘A com-
parison of the data from different engine cylinders shows
that differencee occur 4in the slopea of theso curves in



19

the region of fuel~alr ratios from 0.07 to 0,12, epperent-
ly in a manner similar to that which occurs through chang-
ing the inlet~alr temperature in a given engine cylinder.
" The data indicate thst, in cases vhere the maximum permis-
slble indlcated mean effectlive pressure reaches & msximunm
at fuel-alr retios between 0.08 and 0.10, thie maximum 1e
a function of the engine operating conditions as well as
of the fuel.

2. The data indlcate that the fuels which have the
same octane number according to the O0,FT.R, avistion method
mey have merkedly dlifferent octane numbers when tested in
a full-scale single-cylinder engine. Thie variestion may
occur over the full range of fuel-alr ratios that may bde
encountered in service operation, Among the eight 100-
occtane~number fuels tested, the maximum permigelble in-
dicaeted mean effectlve pressure at a fuel-alr ratlio of
0.08 had a2 low velue of 106 percent relative to 8-1 and
e high value of 152 percent relative to 8-1,

3. The data show that the ooctane number of this
series of fuels wlill vary for any one fuel 1ln any one
cylinder as the fuel-alr rstlo is changed,

4, The dats 1ndiceste that the addition of arometics
to the fuels (fuels 4 snd 8) does not present any serious
disadvantagee from considerations of knoeck. In no case
did the runs made with the fuels contalning aromstics
show preignlition, mlthough afterfiring was present for
one of the fueles. This afterfiring wes eliminated dy
chenging the type of spark plug.

5. The type of epark plug apparently has no effect
on the knock rating of the fuel, provided that preigni-
tion does not occur,

6. The data indicate that the knock characteristics
of the fuels could not be classified aocording to the per-
centage of naphthenes, parsffine, sromatics, or olefins
in the fuels,

Langl ey Memorial Aeronsuticsl Laboratory,
National Advisory Oommittee for Aeronautics,
Langley Field, Va.
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TASLE I

COMPOSITION OF FUELS TESTED

Amowmt of Averagel octene
Identi- TEL per number by C.F.R.
Fuel | ficatlon; gal (ml) Composition aviaticn method
1 PD-1393 3.06 54 perocent hydrozodimer blending 99.9
agent in straight run 74 base
2 PD-1458 €.17 53.7 percent alkylate blending 99.8
egent In etrglight run 74 base
3 PD-1479 3,06 52.6 percent alkylate blending 99,7
. agent in stiralght run 74 base
4 PD=1552 2.98 46 porcent alkylate blending 99.4
agent In hydroformed base
5 FD-1564 2.97 42 percent alkylate blending 100 + 0.05
agent In Houdry base
6 PD-15G3 8.96 40 percent Lydrocodimer blendling | 100 + 0.02
agent 1n Houdry base -
7 L-5151 2.74 60 percent phosphorio acld 1iso- 100
octane blendlng agent in 40
percent light naptha
8 L-5152 2,79 70 percent phosphoric acld iso- 100
octane blending agent in 15
percent light naptha and 15
percent benzol.

1Avera.ge of determinations of four laboratories,
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- TABLE II.- CHARACTERISTICS OF THE COMPONENTS OF FUELS 1 TO 6

[Data from Standerd 0il Developunent Compani]

Base stocks

Biending agents

Description Straight run |Hydro- _
T4 formed.Houdry| Hydrocodimer ~Alkylate

Code letter 5 X R_| © H H! L X

r&Vﬁy, A.Pqu- e o o o o @ 67-2 6702 5709 6903 7107 7106 7506 72¢T
Reid vapor pressure 6o 4 Eu 7.0 8.3 7.6 T.1 6o O L 6.7
Amount of TEL per gallon, ml 3.15| 6.25] 2,98 2.97| 2.98] 2.95 2,98 6,05
Initial boiling point,. OF 122 122 113 100 106 9l 111 108
Per'ceflt.age at -~ |

158° F v v e e e e 13.5 | 13.5 | 26,5 } 41,0 | 17.0 | 19.0 15.0 16.5

176 e e 6 & o o o+ @ o ) 39'0 5700 —rm—— 25-O _——— —me——

203 e e « o e 56,0 | 56,0 | 53.0 | 70,0 | 32,5 | 33,0 40,5 B37e5

212 e e e e e e e 66,0 | 65.0 | 57.0 | 75.0 | 36.0 | 37.0 47,5 43,5

257 . « o 8 s o o o 92,5 | 92,5 | 77.0 | 92.0 : 97.5 96.0
90 percent at OF ., « + & 298 250 235 253 238 234
Final bOlllng point,°F . . |298 298 355 298 248 249 257 271
Percentage recovery . . 97.0 | 97.0 | 99.0 | 98.0 | 97.0 | 98.0 97.5 97.5
Percentage loss . . 2,0 2.0 0.5 1.6 2,0 1.0 1.0 1.5
C.F.R., aviation method -

octane number. . ., .. ——ee | ==== 1 90,2 |95.0 | ===~ J100+0,84]100+0,63|100+2,1
Approximate composition

Percentage aromatics 5 5 28 10 0 0 0 0

Percentage naphthenes 50 50 20 15 0 0 0] e

Percentage paraffins 45 45 50 70 100 100 100 100

Percentage olefins 0 0 2 5 0 0 0 -0

VIVN
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NACA Table 3
TABLE III
CHARACTERISTICS OF FUELS 1 T0 6
[Data from Standerd 011 Development Company]
NACA fuel 1 2 3 L 5 6
Fuel type Straight Straight | Straight | Hydroformed | Houdry +| Houdry
run run + run + + alkylate alkylate | + hydro-
+ hydro- nlk;lnte alkylate + 35 ml + 3 ml codimer
codimer + Fml + 3 ml +3ml
+ 3 ml
Composition, percentage
blending agent in base
stock (see table II) . .. S4H in E {33.7K in X|52.6L in B L46L in R h2r in 8 J4OH' in 8
Gravity, AcPele o o o o & 69.5 68,7 70.6 &h.l T1.1 69.9
Reid .apor pressure . . . 6.7 6.5 6. 6.7 7.1 Tk
Amount of TEL per gallon, ml 2.06 6.18 %.05 2.98 2.97 2.95
Initial boiling point, °pF. 108 111 lia2 106 100 108
Percentage at -
158%F 4 ¢ o ¢ o o o o o 16.0 13.0 15.0 22.0 zg.o 0.0
176 e s s s 0 8 8 o » 25.5 28.0 ﬁz.o 3.0 5 0.0
203 * s o e o s o o » ssssssne 51.0 <0 T.0 8.0 54.0
212 e o e s s e s o . . 58.5 5%.0 3.0 .0 58.5
257 I 97.0 g4.0 96.0 T.0 94.0 95.0
90 percent at e s s ® 240 250 8 266 246 250
Finsl bolling point,oF . . 277 250 288 3,2 27 223
Percentage recovery. . o . 98.0 97.5 98.0 98.0 98.0 98.0
Percentage 1088 . « « o o 0.9 1. 1. 1. 0.8 1.2
Army e e o o o s o & ssavescs csossses soscesee «0 5.0 5.0
Coppegugish gum, mg/160 ml 3 i.o 5.0 5.0
Copper dish corrosion . . Pass DNP DNP DNP DNP DNP
A.S.T.M, gum, m%/lOO ml . cessenne 2 csesssee covessen | esessess| esseccse
Net heat contenf, Btu/lb . ceeseess J18,947 ecessess | 18,379 cececcse] sescsees
C.F.R. aviation method
octane number by -
Laboratory 1 + « « ¢ » 10040.02 99.9 99.5, 99.2|99.2, 99,7 100+0.05 10040.02
Leboratory 2 « « « o 99.6 99,9 [99.5, 99.7 99.3 100 100+0.06
Laboratory 3 « « o o o eescssss 99.9 100 ‘.97.6, 98.0 eesesses] svecscss
Leboratory It o . . . & essanena 99,5 |[100+0.0L 100 1004010 | eeccevsee
Approximate composition:
Percentage aromatics . . 2 3 2 15 3 6
Percentage napthenes ., ., 23 Zﬁ 2L 11 9 9
Percentage paraffins . . T5 i 13 82 82
Percentage olefins . . . [v] o] o] 1 3 3
Trial hlends? percentage Hin E K inX LinE L in R L in s Hin 8
from -
Laboratory 1 « o o o o EB 32 sl 52 L2 L
LabOoTAtOry 2 « o o o o ch6 °19 50 1 8 ﬁ%
Laboratory 3 « « o o o sh 36 5l 0 6
Leboratory L « « + . & 55 33 52 Lo 428 423
AVOrage . . o« o o o ok 3l 53 Lé L2 039

8These results appsar

than was originally indicated to be necessary by laboratory 3.
brrial blends resulting in 100 octane number with tetraethyl lead.
This value omitted in average.
Received too late to be included in average.
®value of 4,0 percent used in blend because result from laboratory 2 appeared low,

to be low inasmuch as 6 percent more alkylate was used in the blend



TABLE IV

COMPORENTS OF FUBLS 7 A¥D 8

[Data from Standard Oil Company {Indiana)]

Fuel 7 Fuel 8

Amount of TEL ver gallon, ml . . . 2.74 2.79
Percentage aromatics . . . .. 0 15
Percentage light nanhiha. . . Lo 15
Percentage iso-~octane blending agent. 60 70
C.F.B. avietion method cctane number by

Laboratory 1 . . . . . . . . 100+0.03 | 100+0.04

Laboratory 2 « ¢« « o o o o o« 99.5 99.6

Laboratory - e & e« &+ = e a 100+0,.01 100+0.02

Leboratory e e s e e s e 99.8 99.8




TABLE V

CARBON-HYDROGEN RATIOS AND HEATS OF COMBUSTION OF NACA FUELS AND 5-1
[Heat of combustion determined at constant volume]

F/a for Gross heat Gross heat Grams water |Heating cor-| Net heat i Net heat
Y . B complete of comuustion, |of combustion | produced per|rection per | of com= i of com~-
Puel| C/H| (vercent) |(percent)| E/C combustion| Eal/gram) {Btu/1b) gram fuel gran fuel bustion, bustion
T burned cal/gran {cal/gram - (Btu/1b )
: 1,40 20,531
1 |s.31] 83,72 15.78 |0.188 0.0660 11,445 20,601 1,4 62 0,666
5.39 83,87 15.77 | .188 1,430 20,581 i ;62 10 ,19’ 200
2 |5.39 &u.03 15.20 | .188 66 11,23& eEat] -
.3 .02 . . . 0661 11,k00 20,520 L 62 10,641 19,
5.39 8u.10 15.69 | .186 11,08 20, 534 1.% ;58 o 119,150
B P ¢ . 11,1463 20,633
. .0 16.9 .191 . 0658 11,425 20,565 1.3 172 10,672 19, 210
5.26] 83.91 15.91 | .19 11,433 20,59 LY42 7%8 ! »
b |5.929] 85.18 W | .16 674 et e
. . . .169 067 11,173 20,111 1.2 698 0,lg
.88 85.10 14,49 | .170 11,172 20" 120 v 23 o 10,481 18,8
5 |5, 8307 '15 37 184 663 11'228 e
. . 3 . .0 11,623 20,921 1.38 Ll '
S.u47) shun | 185.45 | .18% 11,592 20,866 1.38 z@m 10.870 19510
b |s5.52] 8L.1g 15. 26 181 66k 11,1:32 kil
. . . . .0 11,430 20,574 1. 8 10,
5. 06 3l hh 15.43 | .183 11,500 20,700 13; ;13,,1; [ 19.270
1 |5.271 82.96 15.78 | .1% 658 11'337 20 27
. . . . .0 11,431 20,57 1,41 €0
527l e.77 | 159 | 190 11,157 etk L1 1% 10,679 19,220
s 1568l s 37- 195 176 o 11,194 20,1k9
. -5 s . Nelloy) 11,193 20,17 1,34 o 10,472 hig,860
5.65] 843l 14,94 | .77 11198 20, 156 131; ;zg 0,172 |18,86
11,h03 20,525
s-1{5.24 &2,75 15.99 | .191 L0657 11 447 20,605
5.20| €3.53 16,08 | .192 - 11,370 20" L€ H}‘S _7,22 10,641 (19,4150

VOVYN
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TABLE VI
EFFECT OF SPARK-PLUG TYPE AND ADDITION OF CENTER-ELECTRODE THERMOCOUPLE

ON KNOCK LIMIT OF S-1 FUEL + 3,0 ML TETRAETHYL LEAD

VOVN

[Lycomingjo-lzso eylinder; engine speed, 2000 rpm; spark advance,279; inlet—air temperature,150°ﬁﬂ

Fuel- | Maximum Indicated |[Indicated Engine temperature Spark plugs
alr permlssible | mean ef- fuel con-
ratlo inlet pres-| fective sumptlon Intake |01l out [Coolant
sure ressure alr o in
(n.tig) | Dibjea an.) | @o/impnr) | °m) | ;) | oF)
0,0709 53,2 300,9 0,411 147,2 166. 248,0 |New Bendix 41-G spark plug
' with thermocouple and new
Bendix 41-G spark plug
. wilthout thermocouple
0705 . 53,4 301,5 o 404 147.2 165 248,0 |New Bendix 41-G spark plug
: : with thermocouple and old
Bendlx 41-G spark plug
with thermocouple used
about 150 hours
.0711 53.1 300,1 « 401 149.0 165 249.8 |Two new Bendix 41-G spark
. plugs
.0706 - 53,2 3500, 4 « 403 149.0 166 246,2 |Two new BG 3445 apark
’ plugs
. 0685 - 54,6 303, 7 «398 147.2 165 246,2 |Two new Bendix SOO-Al
spark plugs
.0702 - 54,2 303,3 « 403 150.8 166 246,2 |Two new Champion R~J2
spark plugs :
. 0691 . 54,2 302,93 «401 149,0 165 249,8 |Two new Champlon R-J7
spark plugs (hot plug)
.0694 54,4 - 802, 4 <404 150.8 165 248,0 |Two new BG SB-2 gpark
plugs
. 0680 55.1 303,0 «999 149,0 166 248,0 |Two new Bendix 41-G spark
plugs (check running
.0700 54.5 306,0 « 406 Bendix 41-G used about

130 hours (one with
thermocouple and one
without)

9 a|qe




NACA

[Lycoming 0-1230 cylinder; data from fig.§)

TABLE VII
RELATION BETWEEN FUEL-AIR RATIO AND MAXIMUM PERMISSIBLE PERFORMANCE OF 8-1 AND
S~1 PLUS TETRAETHYL LEAD AT TWO INLET-AIR TEMPERATURES

Table 7

Fuel- ] Indicated In the tabulated data below, the upper value gives the
air specific imep,in 1b/sq in., and the lowser value gives the imep
ratio fruel con- relative to S-1, in percent
sumption
{1b/hp-hr S-1+0.5 I S-1+ 1.0 l S-1+ 2.0 l S-1+ 3.0 l 8-1
Inlet-gir tempergture, 2500 F
0.05 0.385 1,85 201 285 230 150
123 124 150 153 100
«06 «365 193 208 222 245 157
123 132 141 156 100
«07 «400 197 213 232 257 167
118 128 139 154 100
«08 «455 207 223 248 271 185
! 112 121 134 146 100
«09 «535 216 236 259 284 199
109 119 130 143 100
«10 «610 221 245 —— - 204
108 120 ————— - 100
V11 690 222 1- - — 205
108 - —— 100
12 775 ] e | e 207
—— —— 100
Inlet-gir temperature, 150° F
0406 06395 208 226 256 2 femmmm—m—e- 105
112 122 138 ————emfiee 100
06 «375 225 240 268 297 191
118 126 140 155 100
07 «405 233 249 279 3056 200
117 125 140 153 100
.08 «460 236 253 285 310 208’
113 122 137 149 100
« 09 «530 236 256 261 ————————— 211
112 121 133 e 100
«10 «600 235 257 272 | emmmmm—a—m 211
111 122 -1 T [P ——— 100
«11 «685 234 1 G T e ot R, 211
111 122 —_— 100
«12 775 211
= ——T 100




NACA

RELATION BETWEEN FUEL~AIR RATIO AND MAXIMUM PERMISSIBLE PERFORMANCE OF

TABLE VIII

NACA FUELS 1 TO 7 COMPARED WITH VALUES FOR S-1
6 and 7]

[Lycoming 0-1230 cylinder; data from figS,

Table 8

-I"Eel- Indicated In the tabvlated data below, the upper value gives the
- air specific " imep, in 1b/sq in., and the lower value gives the imep
ratio |fuel con- relative to S-1, in percent
sumpt ion -
{(1v/hp-hr) IFuel 1| Fugl 2 lEngl zl Fuel gl Fuel 5| Eng]ﬁl Pual g]'ﬁ_]
Inlat-gir temperature, 2500 F
0.05 0.385 | 182 144 180 181 184 150
------ 121 96 | 120 121 123 100
.06 «365 189 180 151 181 2199 as0p 182 157
1 120 115 96 115 ‘127 129 116 100
«07 «400 2204 183 169 | 2207 8211 8511 185 167
122 110 101 124 126 126 111 100
.08 465 2221 | 200 190 | @217 | 2219 |2 P22s |2 P22s | 185
119 108 103 117 118 123 123 100
«09 «535 2232 201 200 | 2220 2901 3231 | 2234 199
117 101 101 111 111 116 118 100
.10 «610 2529 200 202 219 216 327 | 2p29 204
112 98 99 107 106 111 112 100
11 690 221 | 199 198 | 218 207 219 | ®222 | 208
108 97 97 106 101 107 108 100
12 «775 198 190 ] 217 | memeem 211 | —eemm 207
96 92 Jaceaas 105 | commew 102 | —eeme- 100
Inlet-air temperature, 150° F
0.05 | 0.395 ag15 | 204 azo9 | 2217 | 2225 |[2P238|2 P23z | 185
116 110 113 117 122 129 125 100
+06 375 3029 220 211 | 8230 8533 8o35 |2 Poyg 191
119 115 110 120 122 123 128 100
.07 405 8541 | 229 213 | 8238 228 2246 |2 bas7 | 200
121 115 107 119 114 123 129 100
«08 «460 8246 230 215 | 8242 8p47 8352 (2 bogs 208
118 111 103 116 119 121 127 100
<09 530 8243 | 224 215 | %239 | 2241 |2 P247[2 P2sg - | 211
115 106 102 113 116 117 122 100
«10 «600 8535 | 217 211 230 227 as40] 2248 f211
112 103 100 109 108 114 118 }100
«11 «685 225 209 206 215 3234 232| ®B238 211
107 99 98 102 111 110 113 100
12 775 211 218 198 [:7:7- S [— 1% [— 211
100 103 94 105 | ~mm—ew 106] =~ 100

8Equal to or in excess of S-1 ¥ 0.5 ml TELe
PEqual to or in excess of S-14 1.0 ml TELe



TARLE IX
REZATTON BETWEEN IUEL-AIR RATIO AND MAXTMOM PERMISSIELE PZRFORMAYCE
OF FACA FUELS 7 AND 8 COMPARED VITH VALUES F(R
S-1 AND S-1 + 1,0 ML TETRAETEYT, LEAD
[Lycoming 0-1230 cylinder; inlet-alr temperature, 250°F, Date from figure 8]

Fuel~air ;| Indicated In the tabulated data below, the upper value
ratio specific "gives tke imep,in 1b/mq 1a., and the lower value
fuel com- glves the lmep relatlve to B~1, in percent
sumption _
(1b/hp~hr) Fuel 7 | Tuel 8 8-1 S-1 + 1.0
0.05 0.380 200 234 —— —
.06 .375 198 o33 176 212
113 132 100 120
.C7 .420 2068 8260 179 220
118 150 100 123
.08 .480 i 8234 291 185 220
126 156 100 124
.06 i .550 8240 2297 194 235
124 1°3 100 121
1
.10 .625 235 ——— 198 235
115 ——— 100 119
.11 .720 8233 —~— 200 235
119 -——— 1¢C0 119
.12 .800 — -— — ——
I - an o - un on - - o o
I

832qual to or in excess of S~1 + 1.0 ml TiL.




TABLE X
PERCENTAGE INCRTASE IN ISDICATED iEAN EFFECTIVE PRESSURE
‘RELATIVE TO S~1 FOR EACH 0.1 ML TETRAETHYL LEAD

[Data from fig. 18]

Range TEL
ml per gellon
0.0 to 0.5 0.5 %o 3.0
Inlct-air tom— ]
poreture °F 250 | 150 250 | 150
F"-:l';’;ir Percentago incroasc in Llaop
0.06 4.8 | 3.6 1.5 | 1.5
.07 3.6 | 3.4 1.5 | 1.5
.08 ?..)-l- 2-6 1.5 1.5
.09 1.8 2’)'" 1.5 1.5




TABLE XT
RELATION BETWEEN FUEL-ATR RATIO AND MAXTMUM PERMISSIBLE PERFORMANCE
OF NACA FUELS 7 AND 8 COMPARED WITH VALUES FOR 8-1

[Wright G-200 oylinder; inlet~air temperature, 250° F. Data taken from fig.ld]

Fuel-air Indicated In the tabulated data below, the vpper
ratio specifioc value glves the imep, in lb7sq in., end
fuel con- the lower veluo gives the imep relative
sumption to 8-1, in percent :

(1b/hp-hr) Fuel 7 Fuel 8 8-1

0.05 0.375 138 210 142

118 148 100

.06 «375 144 170 115

125 148 180

.07 .420 143 166 112

125 147 100

.08 .480 180 215 139

130 - 155 1C0

.09 .5E5 129 233 163

121 147 100

.10 .525 208 255 175

117 145 100

n]-l .715 - - - - L]




TARLE XIT
FELATION BETVERN FUEL~AIR RATIO AND MAXINUM PERMISSIBLE
FERTORIANCE OF S-1 AND NACA FUZL 7

[Wrigat G-200 cylinder; inlet-air temperature, 150° F.
Date from fig. 15]

In the tatulated 4=ta telow, the uppoer vealuo
Tuel-air givee the imep, in 1b/sq in., and the lower
ratlo veiue givee the imep rclative to S-1, in
porcent
S-1 ™Mel 7
0.05 178 203
100 119
.06 165 197
100 119
.07 1oC 215
10C 135
.08 177 229
130 129
.03 194 232
100 120
10 199 232
100 117
11 204 233%
100 114




TABLE XIII
RELATION BETWERYN ESTIMATWD FUEL-AIR RATIO AND MAXIMUM
PERMISSIBLE PERTORMANCE OF MACA FUELS 7 AND 8
COMPARED WITHd VALUES FOR 5-1
[Bthyl Gasoline Corporation 17.6 cylinder' engine gpeed, 2700 rpm; spark

edvance, 20° B,T.C.; inlet-—air temperature, 225 F; inlet codlent temper-
ature, 240° F; compression ratio, 7.7. Data from fig. 17]

Fuel-alr In the tebuiated dats below, the upper value glves
ratio the imen, in 1b/sq in., end the lowsr wvalue glves
the imep relative to 5-1, 1n percent

Fuel 7 Fuel 8§ 5-1
0.07 226 266 191
118 139 100
.08 236 290 196
120 1kg 100
.09 248 309 200
124 155 100
.10 2h5 319 202
121 158 10C
. 011 234 304 201
116 19 100
<12 221 290 198
112 146 100




[All values are S-1 plus recordod ml tetraethyl lcad per gallon.

TARLE XIV

OCTANE NUMNBER OF EIGHT REPRESEITATIVE 100-OCTANE-NUMBER
FUELS WHEN DETERMINED FROM AVERAGE RELATIVE CURVES OF
INDICATED MEAN EFFESCTIVE PRESSURE

Data from fig. 20]

Fuol-air | Fuel 1 Fuel 2 Tuel 3 Fuel L Fuol 5 Tuel 6 Tuel 7 Fuel 8

ratlo

0.05 0.5 0.l 0.2 0.5 0.7 1.1 0.7 2.3

.06 5 A 2 5 o7 9 6 2.5

007 l7 oh‘ 32 -6 Ig .9 -9 3.2

!08 -8 -"I' -2 -7 -9 110 1.3 3-2

.09 .8 .3 .1 b i .9 1.0 3.3

.10 6 1 .0 A A 7 .8 -—

va;;agégn 3 .3 .2 .3 .5 R . 1.0




TABLE XV

COIPARISON OF OCTANE YU.BCRS OF BIGHT FUPHRESEXTATIVE 100-OCTANE FUELS

[Lycomin§ 0~1230 cylinder; all values cxcent those markod with foote

note (a
Date from figs. 18 and 19]

ero S~1 plve reccorded ml tetraethyl lond per gellon.

Izéle;;;?i.r Fuel 1 { Fuol 2 | Fuol 3 | Fuol ¥ | Fuol 5 | Fuol 6 | Tuel 7 ﬁel 8
A |
:ﬁio 250} 150 | 250 | 150 { 250 | 150 | 250 | 150 | 250 | 150 | 250 150 | 250 [ 150 | 250 { 150

0.05 ] 0.6 104105 (1) [ 0.5] 0ol 0,71 0ult] 240! o 1,4} 0,5 1a1 | e | =

.06 0.4 67 31 M|(a)] .3] 3] 6| 8| .7)0.8} .9 MERITY 1.

.07 b1 7| 31 W4} o0.0] 2] 81 6]1.0) 57101 9f .3]1.2;2.6f

.08 9| 8| | 4 ) 2| .8 6 .8] .3{1.1)1.0]1.1)2.3)3.2(—

.09 .8 .7 2] .3f .0l ) 6] 5| 6| 7] .8] .8]1.0]1.2]3.6] —

.10 b1 5] 0f 2{ ()] o) 5] 5 4] M) 6] B 7], 8] | -

87alucs estimated to be 99 octane number.



TABLE XVI

COMPARISON OF FUELS BASED ON CONSTITUENTS AND ON PERFORMANCE

Fuels arranged Fuels arranged Fuels arranged Fuels arranged
acoording to according to according to- - “according to
percentage percentage percentage knock 1imit®
aramatiocs naphthenes paraffins
Perceontage Percentage Percentage
arcmatics Fuel | naphthenes | Fuel| paraffins Fuel
15 4.8 55 2 g6P 7 8
6 5.6 24 5 83b . 8 7
3 2 23 1l 82 5.6 6
2 1.3 1 4 75 1 1
o] 7 9 5.6 74 3 5
4 7 73 4 4
2 8 64 2 2
3

8pata from figure 20,

bPlus traces of unsaturates,
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Fige. 3,3,4

NACA
Yj-a.mg valve 21D pipe ‘
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/’ e X Pips, 3 in. I.D., 7} in. ta length
Detted liria
s c/7él¢/nc/m':. Jerrg, @/ S53z04| 1 Plpe, 3 in. 1.D. to 5 in. 1.Ds, 4 in, 1n length
F 2 S*LD.
e J Plpe, 5 in. I.D., 11;. in. along ocenter line
! Piuttler
| \‘_i/ o 2o At
: P
. ’L! . l L.-‘ ‘T 1
[

FI60RE 2.~ fiomancimenT OF LABOCRATORY EGUISMENT:

. ]
23 Y
= <
. =2 L
\ s 2 ; gg
. = v 9
N =5 § 30
\. ug S Q
\ //‘! Z < c:'<
= - T = T Q
N ) § E4 0
\N 2 2 -E'g
'23 o 23 o 2E
S ~ I | zZ < °
3 x EY o | - 2%
= x S o Y] - =2
S g T x| ARG TRE T gt
< = V4 Q| v =T
- ¢ s g ¥ &3
2 ot s § g = °
L-_: - 3 Lt‘;.’ |
: sl <
~ Sl Y
i N
1 5 2 3
R R z o« \’ll T
IToLRNN IS E5g TSNV 3 W a4 a L
- . E
| I [ Y3
| | @
:

FuS i
FuNSEIAS LIWNI ONIdv3y Ivag



SACA

Relative imep compared wth S-/,

Figs. 8,10
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Figure 6.- Effoct of inlet-alr temperature on relation between fuel-air ratio and maximum
permissible indicated mean effective pressure for 8-1 mg 8-1 plus tetraethyl lead.
Lycoming 0-1330 cylinder; engine speed, 2000 rpm; spark advance, 37°; coolant inlet temperature,
350°F; compression ratio, 7.0.
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NACA Fig. 7
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Figure 8.-Effect of fuel-

air ratio on the
maximum permissible per-
formance of fuels 7,8, S-1,
and S-1+ 1 ml TEL.Lycoming
0-1230 cylinder;engine speed,
2000 rpm;spark advance,270;
coolant temperature,250°F;
compression ratio,7.0;inlet-
atr temperature,2500F.

(a) NACA fuels 1 to 8.
(b) 8-1 and $-1 plus
teeraethyl lead.

Figure 10.-Relation between
fuel-air ratio
and specific fuel consump-
tion for different fuels.
Lycoming 0-1230 cylinder;
engine speed,2000 rpm;spark
advance,270;compression
ratio,7.03inlet-air tem-
perature,2509F;coolant
inlet temperature,250°F,
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Figure 13.- Comparison of effect of fuel-air ratio Fuel oir ratio

on maximum permissible air quantity
inducted per eubic inch of engine displacement for
NACA fuels 1, 2, and 3 tested in Lycoming 0-1230
cylinder and in C.F.R’ cylinder.

Figure 14.- Effect of fuel air ratio on maximum

permissible performance of NACA fuels
7 and 8 and S-1 in Wright G200 cylinder. Engine
speed, 2000 rpm; spark advance, 209; rear spark-
plug boss temperature, 400°F; compression ratio,
7.0; inlet-air temperature, 250 OF.
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Figure 15,- Effect of fuel-air ratio on mximum
permissible performance of NACA fuel
7 and S-1 in Wright G-200 cylinder at two inlet-
air temperatures. Engine speed, 2000 rpm; spark
advance, 20° B.T.C.; compression ratio, 7.0,
rear spark-plug boss temperature, 400 OF, )
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Figure 16.-Relation between indicated specifie fuel

consumption and maximum permissible imep
and maximum permissible inlet pressure for S-1,8-1+
1.0 ml tetraethyl lead, S-1+3.0 ml tetraethyl lead,
and NACA fuels 7 and 8 in E.G.C. 17,6 cylinder.Engine
speed,2700 rpm;spark advance,20%;inlet-air temperature,
2250F;compression ratio,7.7. (Data from the Ethyl
Gasoline Corporation)inlet coolant temperature,2400F,
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Figure 17.-Relation between estimated fuel-air ratio,

maximum permissible imep,indicated specifie
fuel consumption,and indicated specific air consumption
for 5-1,5-1+ 1,0 ml tetraethyl lead,5-1+ 3,0 ml
tetraethyl lead,and NACA fuels 7 and 8 in E.G.C. 17.6
eylinder.Engine speed,2700 rpm;spark advance,20°;inlet
air temperature,2259F;inlet coolant témperature,240°F;
compressien ratie,7.7. (Data from Ethyl Gasoline
Corporation) . .
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Fizure 16.-Relation between fuel-air ratio and relative indicated mean effective
pressure with respect to S-1 for S-1 plus tetraethyl lead when tested at
different inlet-air temperatures.Lycoming 0-1220 cylinder.Fngine sveed,2000 rpm;spark
advance,2793.T.C.jcoolant temperature,250°F;compression ratio,7.0.
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Cylinder . 0-1230 0-1330 0-1330 G-200 G-200 IGO 137.8

Engine speed,rpm 2000 2000 3000 2000 2000 2700

Inlet-atir tslp.6°!‘ 150 250 350 250 160 335

Spark advance, “B.T.C. a7 a7 a7 20 20 20

Compression ratio 7.0 7.0 7.0 7.0 7.0 7.7

Coolant temp.,°F 350 250 350 - - 240

Rear spark-plug temp.,OF. - - - 400 400 -
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Figure 19.-Relation between fuel-zir ratio and relative

' indicated mean effective pressure with respect to
S-1 for NACA fuels 1 to 8 when tested in different engine
cylinders and at different inlet-air temperatures.
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